Cr(VI) is a well known environmental carcinogen, but its mechanism of action and the measures required to mitigate its effects remain to be investigated. Our previous studies showed that exposure of human bronchial epithelial (BEAS-2B) cells to Cr(VI) caused malignant transformation, that these transformed cells progressed through tumorigenesis, and that luteolin, a natural compound, inhibited both of these processes. The present study investigates the underlying mechanisms by which luteolin protects cells against Cr(VI)-induced transformation and tumorigenesis. The present study shows that luteolin activates inducible Nrf2 to inhibit Cr(VI)-generated reactive oxygen species (ROS) in normal BEAS-2B cells. The decreased ROS level is likely responsible for the protective effect of luteolin against Cr(VI)-induced malignant cell transformation in normal cells. By contrast, in cells that have been transformed by Cr(VI), Nrf2 is constitutively activated, and its target proteins, heme oxygenase 1 (HO-1), NAD(P)H:quinone oxidoreductase 1 (NQO1), and superoxide dismutase 1/2 (SOD1/SOD2) are all constitutively activated, and ROS levels are low. Bcl-2, an anti-apoptotic protein and target protein of Nrf2 is elevated. Cr(VI)-transformed BEAS-2B cells develop apoptosis resistance, increasing the survival of these transformed cells. Luteolin decreases interactions between Nrf2 and the antioxidant response element sites of its target antiapoptotic and antioxidant proteins, Bcl-2, Bcl-XL, and HO-1, which results in decreased constitutive Nrf2 activation. The decreased constitutive Nrf2 activation, decrease in Nrf2 target proteins and consequent apoptosis resistance by luteolin are possible mechanisms that mediate the protective effect of luteolin in Cr(VI)-transformed cells.
Introduction
It has been well established that environmental and occupational exposure to Cr(VI) causes cancer in various organs, including lungs (Agency for Toxic Substances and Disease Registry, 1982; Costa, 1997; De Flora, 2000; IARC, 1990; Langard, 1990 Langard, , 1993 Machle and Gregorius, 1948; Pellerin and Booker, 2000; Simonato et al., 1991; Sorahan et al., 1998; Woodruff et al., 1998) . Most studies on Cr(VI)-induced carcinogenesis focused on the mechanistic elements of transformation; few studies direct attention to mechanism-based prevention. In our recent study , we showed that luteolin inhibits Cr(VI)-induced malignant cell transformation, the first stage of Cr(VI)-induced carcinogenesis, whereby normal cells are transformed into cancer cells. Luteolin can also inhibit tumorigenesis of Cr(VI)-transformed cells, the second stage, whereby the Cr(VI)-transformed cells progress to tumors. Luteolin (3′,4′,5,7-tetrahydroxyflavone) is a common dietary flavonoid found in fruits, vegetables, and medicinal herbs with recognized antioxidant, anti-inflammatory, and anticancer activities. In the last decade, cancer prevention using naturally occurring dietary agents has gained immense interest because of their safety, low toxicity, and general availability. Although our study showed that luteolin inhibits Cr(VI)-induced carcinogenesis at both stages, the underlying mechanisms responsible for this protection are unclear. The present study investigates the mechanisms by which luteolin protects cells against Cr(VI)-induced malignant transformation and the progression of tumorigenesis in Cr(VI)-transformed cells.
While detailed information on the mechanism of Cr(VI)-induced carcinogenesis is still under investigation, it is generally believed that Cr(VI)-generated reactive oxygen species (ROS) are an important component (Leonard et al., 2004; Stohs et al., 2000; Wang et al., 2011; Yao Toxicology and Applied Pharmacology 331 (2017) 
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Toxicology and Applied Pharmacology j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / t a a p et Ye et al., 1995) . Our previous studies showed that exposure of human lung bronchial epithelial (BEAS-2B) cells to Cr(VI) generated a whole spectrum of ROS, including superoxide radical (O 2
•− ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radical (
• OH) (Leonard et al., 2004; Wang et al., 2011 . Thus, inhibition of ROS is an important approach to protect cells from Cr(VI)-induced transformation. It has been reported that luteolin has an antioxidant property, through activation of inducible Nrf2, which is a key transcription factor that regulates antioxidant proteins to neutralize ROS and restore cellular redox balance (Chan et al., 2001a; Kobayashi and Yamamoto, 2006) . Upregulation of a variety of important antioxidants occurs through the binding of Nrf2 to the antioxidant response elements (ARE) of antioxidant target proteins such as SOD, catalase, and HO-1. Numerous reports demonstrate that induction of inducible Nrf2 by a natural compound upregulates its target antioxidant proteins, leading to a decrease in ROS and a subsequent cancer protective effect by this natural compound (Jeong et al., 2006; Kumar et al., 2014; Kou et al., 2013; Park et al., 2006) . It is very possible that luteolin activates inducible Nrf2 in normal BEAS-2B cells, which increases cellular levels of antioxidants, and decreases Cr(VI)-generated ROS. The outcome is inhibition of Cr(VI)-induced malignant cell transformation, the first stage of Cr(VI)-induced carcinogenesis. In this study, we show that activation of inducible Nrf2 and decrease of ROS by luteolin are likely the underlying mechanisms that this natural compound employs as protection against Cr(VI)-induced malignant cell transformation of BEAS-2B cells reported in our recent study . In contrast to the widely reported studies on the mechanism of Cr(VI)-induced malignant cell transformation, only limited studies are available that focus on the mechanism responsible for the oncogenic progression of Cr(VI)-transformed cells to the second stage, tumor formation. In Cr(VI)-transformed cells, ROS may function as an inhibitor of tumorigenesis in Cr(VI)-transformed cells by the induction of apoptosis. A variety of studies show that activation of inducible Nrf2 is anticarcinogenic in the early stage of carcinogenesis (from normal cells to malignantly transformed cells) by up-regulation of its target antioxidants to reduce the levels of ROS (Hu et al., 2010; Kansanen et al., 2014; Kostova, 2010; Sporn and Liby, 2012) . In contrast, constitutive expression of Nrf2 is carcinogenic through a protection to cancer cells from oxidative stress and chemotherapeutic agents in the late stages of carcinogenesis (from malignantly transformed cells or cancer cells to tumor) (Komatsu, 2011; Sporn and Liby, 2012; Tew, 2011; Wang et al., 2008) . Constitutive expression of Nrf2 is conspicuous in several types of human cancer cell lines and tumors (Lau et al., 2013; Ohta et al., 2008; Sporn and Liby, 2012; Tong et al., 2006) . Therefore, the stage of carcinogenesis determines whether Nrf2 acts as a cancer preventive or oncogenic agent (Komatsu, 2011; Sporn and Liby, 2012; Tew, 2011) . Activation of inducible Nrf2, which would reduce oxidative stress or mutagenic stress, appears to be beneficial during the premalignant state (Komatsu, 2011; Sporn and Liby, 2012; Tew, 2011) . As such, the biological timing context is important: inducible Nrf2 activation is desirable in the early stage of carcinogenesis, when the host is seeking to control pre-malignant carcinogenesis, but is undesirable in the later stage, when it can make malignant cancer cells resistant to apoptotic cell death or treatment (Sporn and Liby, 2012) . Reports indicate that constitutively activated Nrf2 in cancer cells bind to ARE sites of Bcl-2 and Bcl-XL gene promoters, leading to up-regulation of Bcl-2 and Bcl-XL and development of resistance to apoptosis (Calvert et al., 2009) . In our recent studies (Son et al., , 2015 , we showed that in arsenicor Cd(II)-transformed cells, Nrf2 is constitutively activated, which upregulates antioxidant and anti-apoptotic proteins through the binding of Nrf2 to ARE sites of these target proteins. The outcome is decreased levels of ROS and the development of apoptosis resistance, an environment favorable for progression of transformed cells and tumor formation. In the present study, we show that in Cr(VI)-transformed cells, Nrf2 is constitutively activated and its inducible nature is lost. Constitutive Nrf2 activation in Cr(VI)-transformed cells is oncogenic through a decrease of ROS and development of apoptosis resistance. In the present study, we also show that in Cr(VI)-transformed cells, luteolin inhibits constitutive Nrf2 activation, which is likely the mechanism by which luteolin interrupts the process of tumorigenesis in Cr(VI)-transformed cells observed in our recent study .
Materials and methods

Chemicals, antibodies, and laboratory wares
Unless specified otherwise, all chemicals and laboratory wares were purchased from Sigma Chemical Company (St. Louis, MO) and Falcon Labware (Bectone-Dickinson, Franklin Lakes, NJ), respectively. Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco Company (Gibco BRL, NY).
Cell culture and treatments
The human lung bronchial epithelial cell line BEAS-2B was obtained from American Type Culture Collection (Manassas, VA). Cr(VI)-transformed cells were generated as described previously . Cr(VI)-transformed BEAS-2B cells and their parent nontransformed BEAS-2B cells were maintained in DMEM supplemented with 10% heat-inactivated FBS and 1% penicillin-streptomycin and then processed as indicated.
Clonal assay
BEAS-2B cells were treated without or with luteolin for 48 h. The cells were reseeded and cultured for two weeks. The cells were fixed with 2% formalin for 10 min and stained with 0.5% crystal violet for 5 min prior to quantitation of colonies by light microscopic inspection.
ROS measurement by fluorescence staining
Cells were incubated with 10 μmol/L 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate ethyl ester (DCF; Molecular Probes) or 5 μmol/L dihydroethidium (DHE; Molecular Probes). Treated cells were subsequently harvested with trypsin, washed twice with cold PBS, and analyzed by fluorescence-activated cell sorting (FACS Calibur, BD Biosciences). The fluorescence intensity of DCF was measured at an excitation wavelength of 492 nm and an emission wave length of 517 nm. The fluorescence intensity of DHE was measured at an excitation wavelength of 535 nm and an emission wavelength of 610 nm.
ROS measurement by electron spin resonance (ESR) spin trapping assay
This assay was performed using a Bruker EMX spectrometer (Bruker Instruments, Billerica, MA) and a flat cell assembly, as described previously . 5,5-Dimethyl-1-pyrroline-1-oxide (DMPO) (50 μM) was used as a radical trapping agent. Spectrometer settings included magnetic field 3220 ± 50 G; microwave frequency, 9.6 GHz; incident microwave power, 10 mW; scan time, 1 min; modulation frequency, 100 kHz; and modulation amplitude, 0.2 G.
Western blot analyses
Cells lysates were prepared in ice-cold RIPA buffer (Sigma-Aldrich) with freshly added protease inhibitor cocktail. The lysate was then centrifuged at 12,000g for 10 min at 4°C and the supernatant (total cell lysate) was collected, aliquoted and stored at − 80°C. The protein concentration was determined using Coomassie Protein Assay Reagent (Thermo, Rockford, IL). Approximately 40 μg cellular proteins were separated through 6%-12% SDS-polyacrylamide gel, and then transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA). Nonspecific binding was blocked with 5% fat-free dry milk in 1× Tris-buffered saline (TBS) and the membrane incubated with antibody, as indicated. Protein bands, detected with horseradish peroxidase-conjugated antibodies (Kirkegaard and Perry Laboratories, Gaithersburg, MD), were visualized with enhanced chemiluminescence reagent (Perkin Elmer, Boston, MA).
Assessment of apoptosis
The extent of apoptosis was evaluated by flow cytometric analysis using FITC-conjugated Annexin V/propidium iodide (PI; BD PharMingen) staining per the manufacturer's instructions. Both early apoptotic (Annexin V-positive, PI-negative) and late apoptotic (Annexin V-positive and PI-positive) cells were included in cell death determinations.
Chromatin immunoprecipitation (ChIP) assay
ChIP analysis was performed using a Pierce™ Agarose ChIP Kit (Thermo Scientific, Rockford, IL) as described previously . The relative Nrf2 binding to the ARE regions of Bcl-2, Bcl-XL, and HO-1 were assessed by the MyiQ™ Single-Color Real-Time PCR Detection System (Bio-Rad, Hercules, CA) with SYBR Green PCR master mix. General PCR amplification was also performed by Mastercycler® thermal cyclers (Eppendorf, Foster City, CA).
Statistical analysis
All the data are expressed as mean ± standard error (SE). One-way analysis of variance (ANOVA) using IBM SPSS Statistics 21 was used for multiple comparisons. A value of p b 0.05 was considered statistically significant.
Results
Luteolin does not exhibit any significant toxicity in BEAS-2B cells
The effect of luteolin on cell viability was determined by clonogenic assay. BEAS-2B cells were treated with 20 μM luteolin for 48 h, reseeded, cultured for an additional 2 weeks and stained with crystal violet. Luteolin at 20 μM does not cause significant cell death (Fig. 1) , indicating that at the concentration used for these studies luteolin does not exhibit any significant cytotoxicity.
Scavenging of Cr(VI)-generated ROS by luteolin
In our previous studies (Leonard et al., 2004; Wang et al., 2011) and luteolin decreases the cellular levels of these reactive oxygen species.
Constitutive expression of Nrf2 in Cr(VI)-transformed cells
As outlined in the Introduction, Cr(VI)-induced cell transformation is considered as the first stage of Cr(VI) carcinogenesis (from normal cells to malignant/transformed or cancer cells). The progression of Cr(VI)-transformed cells to tumor occurs subsequently. In our recent report, we showed that luteolin inhibits tumorigenesis of Cr(VI)-transformed cells . In order to understand the mechanism of this tumorigenic process and its protection by luteolin, we measured the protein level of Nrf2 in Cr(VI)-transformed cells. As shown in Fig. 3 , the protein level of Nrf2 is much higher in Cr(VI)-transformed BEAS-2B cells than that in the parental BEAS-2B cells, and this high Nrf2 level is constitutive. In addition, the expression level of Nrf2 was increased in the presence of 1 μM of Cr(VI) in the Cr(VI)-transformed BEAS-2B cells.
Increased expressions of antioxidant enzymes in Cr(VI)-transformed cells
As a transcription factor, Nrf2 regulates various antioxidant proteins positively through binding to the ARE sites of their gene promoter. To investigate the up-regulation of antioxidant proteins by Nrf2, we measured expression levels of several key antioxidant enzymes. As shown in Fig. 4, HO-1, NQO1 , SOD1, and SOD2 were constitutively upregulated in Cr(VI)-transformed BEAS-2B cells compared to levels in the non-transformed parental cells.
Reduced capability of ROS generation in Cr(VI)-transformed cells
The increase in Nrf2 and its target proteins in Cr(VI)-transformed cells suggests that the decrease in ROS levels in these cells may be related to Nrf2. We used two methods to investigate this possibility: 1) ESR spin trapping and 2) fluorescence staining. Since oxygen radicals are reactive and have a very short lifetime, direct ESR measurement cannot be used for their detection. Instead, ESR spin trapping, an indirect method, is used. This technique involves the addition-type reaction of a shortlived radical with a paramagnetic compound (spin trap) to form a relatively long-lived free radical product (spin adduct), which can then be measured by ESR. The intensity of the ESR signal is used to measure the amount of short-lived radicals trapped, and the hyperfine couplings or line-shape of the spin adduct are generally characteristic for the trapped radicals and used for identification. Spin trapping is the method of choice for the detection and identification of free radicals generated in biological systems due to its specificity and sensitivity. Using this method, we measured ROS generation in Cr(VI)-transformed and nontransformed BEAS-2B cells with and without Cr(VI) exposure. The results are provided in Fig. 5 . As noted from this figure, BEAS-2B cells alone generated a detectable basal level of oxygen radicals and Cr(VI) exposure enhanced this level. Similar results were obtained using Cr(VI)-transformed BEAS-2B cells except that overall signal intensities are low, indicating a reduced capability of oxygen radical generation in these cells. We also measured ROS generation in Cr(VI)-transformed and non-transformed BEAS-2B cells with and without Cr(VI) exposure by flow cytometry together with DHE or DCF as fluorescent probes for O 2
•− and H 2 O 2 , respectively. The results show that both the DHE and DCF fluorescence intensities with and without Cr(VI) treatment were substantially lower in Cr(VI)-transformed BEAS-2B cells than those from the non-transformed cells (Fig. 6) . These results indicate that Cr(VI)-transformed cells exhibited a reduced capacity for ROS generation.
Acquired apoptosis resistance and constitutive expression of Bcl-2
Previous studies showed that Nrf2 is able to bind to the ARE in the promoter region of the Bcl-2 gene, leading to an up-regulation of Bcl-2 and decrease in apoptosis (Calvert et Mukherjee et al., 2013; Ohta et al., 2008; Sporn and Liby, 2012; Tong et al., 2006) . Constitutive Nrf2 activation in Cr(VI)-transformed BEAS-2B cells promotes elevated Bcl-2 levels in this transformed cells. Fig.  7A shows that Bcl-2 protein levels are much higher in Cr(VI) transformed BEAS-2B cells than in normal parental cells, both with and without Cr(VI) treatment. Similar to Nrf2, the high Bcl-2 levels in Cr(VI)-transformed cells is constitutive. Because Bcl-2 is an anti-apoptosis protein and the acquired resistance to apoptosis is a critical cellular event in tumor formation and malignant progression, we investigated whether Cr(VI)-transformed cells develop resistance to apoptosis. Consistent with Bcl-2 up-regulation, we observed a decreased level of cleaved PARP (c-PARP) in Cr(VI)-transformed cells with Cr(VI)-treatment (Fig. 7A) , indicating that Cr(VI)-transformed cells have the property of apoptosis resistance. We also used FITC-conjugated Annexin V/PI staining together with flow cytometry to measure the apoptotic potential of Cr(VI)-transformed cells. In the results presented in Fig. 7B confirm that Cr(VI)-transformed cells exhibit a resistance to apoptosis.
Luteolin inhibits Nrf2 binding to ARE sites in the Bcl-2, Bcl-XL, and HO-1 gene promoters in Cr(VI)-transformed cells
Previous studies showed that Nrf2 binds to ARE sites in the promoter region of Bcl-2, Bcl-XL, and HO-1 genes, leading to an up-regulation of these genes (Lau et al., 2013; Ohta et al., 2008; Sporn and Liby, 2012; Tong et al., 2006) . In addition, it has been demonstrated that Nrf2-mediated up-regulation of Bcl-2 plays a significant role in increased cell survival (Calvert et al., 2009; Lau et al., 2013; Mukherjee et al., 2013; Ohta et al., 2008; Sporn and Liby, 2012; Tong et al., 2006) . Toward the goal of understanding the mechanism by which luteolin resists tumorigenesis in Cr(VI)-transformed cells, we examined the possibility that this natural compound inhibits the binding between Nrf2 and individual ARE sites of anti-apoptotic and antioxidant proteins by ChIP analysis. The results (Fig. 8) show that luteolin dramatically reduced the binding of Nrf2 to the ARE sites of these genes. 
Luteolin increases Nrf2 expression in normal cells and decreases constitutive Nrf2 expression in Cr(VI)-transformed cells
Results presented in Fig. 2 show that luteolin reduces Cr(VI)-induced ROS generation. Previous studies showed that luteolin upregulates Nrf2 in a variety of cellular systems (Huang et al., 2012; Zhang et al., 2013) . Based on the results obtained in Fig. 2 and those reported in the literature (Huang et al., 2012; Zhang et al., 2013) , we hypothesized that luteolin is capable of activating Nrf2 in normal BEAS-2B cells. As shown in Fig. 9A , luteolin does indeed up-regulate Nrf2 expression in BEAS-2B cells. In addition, we showed that Nrf2 is constitutively activated in Cr(VI)-transformed BEAS-2B cells (Fig. 3) . It has been reported that luteolin decreases activation of Nrf2 in cancer cells (Tang et al., 2011) . It is very likely that luteolin may inhibit the constitutive expression of Nrf2 in Cr(VI)-transformed BEAS-2B cells. This indeed the case as shown in Fig. 9B , that luteolin decreased the protein level of Nrf2 in Cr(VI)-transformed BEAS-2B cells.
3.9. Luteolin inhibits constitutive expressions of Bcl-2, Bcl-XL, and HO-1 proteins in Cr(VI)-transformed cells Bcl-2 and Bcl-XL are well known anti-apoptotic proteins and HO-1 is an antioxidant protein. In Fig. 9B , we showed that luteolin decreased constitutive activation of Nrf2 in Cr(VI)-transformed BEAS-2B cells. Our results (Fig. 8 ) also show that luteolin decreased the binding of Nrf2 to the ARE sites of its target antioxidant and anti-apoptotic proteins. Based on these results, it is expected that luteolin decreases the protein level of Nrf2 target proteins. As shown in Fig. 9B , luteolin inhibits expressions of Bcl-2, Bcl-XL, and HO-1 in Cr(VI)-transformed cells.
Discussion
The goal of the present study is to understand the underlying mechanisms related to our recent report that luteolin inhibits Cr(VI)-induced malignant cell transformation, the first stage of Cr(VI) carcinogenesis (from normal cells to malignantly transformed cells or cancer cells), as well as the tumorigenic processes of Cr(VI)-transformed cells in the second stage (from malignantly transformed cells or cancer cells to tumor). Our previous studies showed that ROS generated by activation of NAD(P)H oxidase are important for Cr(VI)-induced malignant cell transformation . The results obtained from the present study indicate that inhibition of ROS is the key mechanism by which luteolin prevents Cr(VI)-induced cell transformation. The following results support this conclusion.
(1) Fluorescence staining shows that luteolin inhibits Cr(VI)-induced ROS generation. This result is in an agreement with other reports that focus on the antioxidant property of this natural compound (Park et al., 2006) . (2) Luteolin upregulates inducible Nrf2 in normal BEAS-2B cells. The Nrf2 pathway plays a vital role in cellular redox homeostasis and activation of this pathway is one of the main defense mechanisms against oxidative or electrophilic stress (Chan et al., 2001a; Kobayashi and Yamamoto, 2006) . Nrf2 upregulates its target antioxidant proteins through binding of Nrf2 to ARE sites in their regulatory regions. These Nrf2 target enzymes are expressed in various isoforms and are distributed in a variety of organelles and subcellular compartments and cooperatively participate in metabolic reactions that eliminate ROS at their sites of origin. Various natural compounds exhibit their cancer-preventive properties through activation of inducible Nrf2 (Jeong et al., 2006; Kou et al., 2013) . Thus, in normal BEAS-2B cells, ROS generated by Cr(VI) are oncogenic by changing normal BEAS-2B cells to malignantly transformed cells. Activation of inducible Nrf2 in non-cancer cells by luteolin, which up-regulates its target antioxidant proteins, reduces ROS, and inhibits cell transformation; these activities are cancer preventive or anti-oncogenic. The mechanism of our previously reported protection of Cr(VI)-induced cell transformed by luteolin is likely through an upregulation of Nrf2 and decrease of ROS by this natural compound.
Considering various roles of ROS, the mechanism for the prevention of tumorigenesis in Cr(VI)-transformed BEAS-2B cells by luteolin can be very different from that occurring for the prevention of malignant transformation of normal cells by luteolin. Apoptosis or programmed cell death plays an important role in the regulation of tissue development, differentiation, and homeostasis (Ellisr et al., 1991) . Dysregulation of apoptosis contributes to the pathogenesis of cancer. In this regard, acquired resistance to apoptosis is a hallmark of all cancers (Hanahan and Weinberg, 2000) . Under normal circumstances, apoptosis eliminates DNA-damaged or mutated cells. Acquired resistance to apoptosis is a critical cellular event during carcinogenesis. Disruption of apoptosis plays a major role in tumor formation and malignant progression (Wyllie et al., 1999) . In the present study, we have demonstrated that in Cr(VI)-transformed BEAS-2B cells, Nrf2 is constitutively overexpressed (Fig. 3) . The Nrf2 target antioxidant proteins, HO-1, NQO1, SOD1, and SOD2 are also constitutively overexpressed (Fig. 4) . The high levels of these antioxidant proteins decrease cellular ROS in Cr(VI)-transformed cells as shown by ESR spin trapping and fluorescence staining (Figs. 5 and 6) . Our previous studies demonstrated that ROS generated by Cr(VI) exposure causes apoptosis (Chen et al., 2001; Ye et al., 1999) . The low level of ROS in Cr(VI)-transformed BEAS-2B cells reduces the apoptotic potential of these cells and increases their survival (Fig. 7) , providing a favorable environmental for progression of the Cr(VI)-transformed cells to tumor. The constitutive Nrf2 activation will also increase its antioxidant target Bcl-2 through the binding of Nrf2 to the ARE site of Bcl-2 gene (Fig. 8) . Our results show that in Cr(VI)-transformed cells, Bcl-2 is constitutively overexpressed and apoptosis resistance was observed. This constitutive Nrf2-mediated apoptosis is likely another important contributor to the progression of Cr(VI)-transformed BEAS-2B cells to tumor. To understand the mechanism involved in the prevention of tumorigenesis in Cr(VI)-transformed cells by luteolin reported in our recent study , we note the following important results obtained in the present study using Cr(VI)-transformed BEAS-2B cells. (1) Luteolin reduces constitutive Nrf2 activation (Fig. 9) . (2) This natural compound inhibits the binding between Nrf2 and the promoter regions of the target antioxidant and anti-apoptotic proteins as demonstrated by Chip analysis (Fig. 8) . (3) Luteolin decreases the levels of antioxidant and anti-apoptotic proteins (Fig. 9) . The overall outcome is the restoration of ROS levels and apoptotic function in Cr(VI)-transformed cells by luteolin. The processes outlined above (1-3) are the likely mechanisms by which luteolin blocks the tumorigenesis in Cr(VI)-transformed BEAS-2B cells observed in our recent study .
From above discussion, it may be noted that inducible Nrf2 in normal cells is anti-oncogenic by increasing its target antioxidant proteins and reducing ROS levels. In the first stage of Cr(VI)-induced carcinogenesis, cell transformation, ROS are oncogenic. The low level of ROS reduces the Cr(VI)-induced malignant cell transformation. In the second stage of Cr(VI) carcinogenesis, the tumorigenesis of Cr(VI)-transformed cells, the inducible property of Nrf2 is lost in Cr(VI)-transformed cells. The Nrf2 is constitutively activated in these cells. This constitutive Nrf2 activation in Cr(VI)-transformed cells is oncogenic by increasing target antioxidant and anti-apoptotic proteins, leading to low ROS levels and acquisition of apoptosis resistance. In this second stage of Cr(VI)-induced carcinogenesis, both low level of ROS and constitutive Nrf2 activation are oncogenic. The above mechanistic studies show that Nrf2 signaling can be an important target for dietary prevention of Cr(VI)- induced carcinogenesis at both stages of carcinogenesis. We have carried out literature searches and screened a variety of natural compounds in an attempt to select those with two types of properties: (a) ability to activate inducible Nrf2 and decrease ROS in nontransformed cells to prevent Cr(VI)-induced malignant transformation and (b) to inactivate constitutive Nrf2 expression and increase ROS in Cr(VI)-transformed cells to decrease survival of these transformed cells. Luteolin, a natural compound, has these dual properties. The mechanisms for the activation of inducible Nrf2 by luteolin in normal cells and inactivation of constitutive Nrf2 by the same natural compound in Cr(VI)-transformed cells are under investigation in our laboratories. Our preliminary results indicate that keap1 (an inhibitor of Nrf2) signal (canonical mechanism) is important in the activation of inducible Nrf2 by luteolin in normal cells while the p62 pathway (noncanonical mechanism) activated by autophagy deficiency of Cr(VI)-transformed cells is important for the inactivation of constitutive Nr2 by the same natural compound in these transformed cells.
The importance of the results obtained in the present study is summarized below. (1) The results from this study can be used to formulate strategies for dietary prevention against Cr(VI)-induced carcinogenesis. These strategies take advantage of a cascade of molecular events that occur over time in the carcinogenic process, i.e., enabling a moderate and carefully orchestrated promotion of Nrf2 in the early stage of Cr(VI)-induced carcinogenesis and reduction of the constitutive and high level expression of this protein in the later carcinogenesis stage.
(2) The results may also be used to develop a similar strategy against other carcinogenic metals, such as arsenic (Leonard et al., 2004; Lee et al., 2012; Son et al., 2015) , nickel , and cadmium . These carcinogenic metals share a common mechanism with Cr(VI) and also generate ROS, cause oxidative stress, and induce cancers of various organs (Leonard et al., 2004; Lee et al., 2012; Pan et al., 2010; Son et al., 2014 Son et al., , 2015 .
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